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Abstract
There is an increased interest for essential oil nanoemulsions as natural food preservatives. We uti-
lized sugar-based surfactants including Quillaja Saponin (QS), Sucrose Monopalmitate (SMP), and
Octyl Modified Starch (OMS). The outcomes presented that nanoemulsions could be successfully
formed. Whereas oregano emulsions stabilized by SMP exposed to salt and acidic pH were highly
unstable, QS could form more stable colloidal systems. Oregano nanoemulsions containing a very
low amount of sunflower oil (SO) were not susceptible to Ostwald ripening during 60 days of stor-
age at 20 8C. The optimization of the production process through response surface methodology
revealed that incorporation of only 6.9 wt % SO at a microfluidization pressure of 73.5 MPa was
sufficient to form a long-term stable nanoemulsion with no changes in antibacterial activity. This
work gives valuable and practical information to produce a natural antimicrobial agent potentially
applicable in food and beverage, as well as cosmetics and pharmaceutical industries.
Practical applications
Recently, there has been a great demand by not only food consumers but also manufacturers for
products containing natural ingredients. In this study, a promising nanoemulsion delivery system
for oregano as an essential oil model with long-term stability using a biosurfactant (Quillaja Sapo-
nin) was successfully produced by microfluidization. We optimized the formulation in terms of
energy requirement and costs, which are important factors from an industry point of view. The
fabricated colloidal dispersions have antimicrobial as well as flavoring and potential antioxidant
applications in different products including food and beverages, as well as pharmaceutical and
beauty products.
1 | INTRODUCTION
Nowadays, food consumers show a strong interest for “clean label”
products (Jondiko et al., 2016). So, it is desired for food manufacturers
to substitute synthetic food additives such as food preservatives by
natural food components (Sedaghat Doost, Dewettinck, Devlieghere, &
Van der Meeren, 2018). Essential oils (EOs) are functional ingredients
which are in a great demand to be utilized in food products as well as
pharmaceuticals and cosmetic care applications (Gavahian, Farhoosh,
Javidnia, Shahidi, & Farahnaky, 2015). They are natural volatile com-
pounds that can be used as antimicrobial, antioxidant, antiradical, and
flavoring agent (Bylaite, Nylander, Venskutonis, & J€onsson, 2001;
Khorshidian, Yousefi, Khanniri, & Mortazavian, 2018; Kouri,
Tsimogiannis, Bardouki, & Oreopoulou, 2007; Mith et al., 2014;
Salvia-Trujillo & McClements, 2016; Synowiec & Drozdek, 2016).
Oregano oil is an essential oil derived from the Origanum compactum
plant, a member of the mint family (Almeida et al., 2013; Ouedrhiri
et al., 2016). In the present study, we chose oregano essential oil owing
to its powerful antibacterial (Kang & Song, 2018), antifungal (Bouchra,
Achouri, Idrissi Hassani, & Hmamouchi, 2003), antiparasite, and antivi-
ral (Schuetz, 2016) capabilities, as well as to the challenging conditions
to formulate stable oil-in-water emulsions.
Due to the relatively low water solubility, strong flavor perception,
high volatility, and possible skin irritation of EOs, colloidal dispersions
can play a key role for incorporation of these natural compounds in an
aqueous environment (Sebaaly, Charcosset, Stainmesse, Fessi, &
Greige-Gerges, 2016). Thus, these lipophilic compounds can be incor-
porated into emulsions as a delivery system within water-based foods.
Previous studies have presented that nanoemulsions have advantages
over conventional emulsions such as higher physical stability as well as
optical clarity and increased bioavailability (Arancibia, Riquelme, Zu~niga,
& Matiacevich, 2017). In fact, nanoemulsions are thermodynamically
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unfavorable systems having typically a droplet radius of 10 to 100 nm,
which makes them more stable against gravitational separation, floccu-
lation, and coalescence (García-Marquez, Higuera-Ciapara, & Espinosa-
Andrews, 2017). Nevertheless, nanoemulsions tend to break down due
to Ostwald ripening which is the coarsening of larger droplets at the
expense of smaller droplets due to the molecular diffusion through the
continuous phase (Kabalnov & Shchukin, 1992). This phenomenon can
be explained by the Lifshitz-Slyozov-Wagner (LSW) theory:
d r3
 
=dt58SDVmg=9RT (1)
where r is the radius of the droplets, S is the solubility of the dispersed
phase, D is the diffusion coefficient of the dispersed phase molecules
through the intervening medium, Vm is the molar volume, g is the sur-
face tension, R is the gas constant, and T is the absolute temperature.
Thus, the most challenging part of nanoemulsion formulation is to
create colloidal dispersions with small droplet size that can maintain
their long-term stability for commercial applications (Kroll, 1992). In
fact, there are different suggested ways to overcome the Ostwald rip-
ening phenomenon, such as addition of a third water-insoluble com-
pound in the lipid phase. Although some previous works indicated that
incorporation of a second oil up to 50% did not affect the antimicrobial
activity of the studied essential oil (Sedaghat Doost et al., 2018; Tian,
Lei, Zhang, & Li, 2016), it has been proven in some cases that added
hydrophobic compounds might impact the antimicrobial characteristics
of the used EO. Hence, it is crucial to limit the amount of incorporated
oil (Chang, McLandsborough, & McClements, 2012; Gutierrez, Barry-
Ryan, & Bourke, 2008).
Typically, the selection of surfactant can substantially influence the
formation of nanoemulsions which are stable for a sufficient period of
time. According to Yang, Leser, Sher, and McClements (2013), the for-
mulation of small droplet size oil-in-water emulsions with a long-term
stability using a surfactant consisting of a polysaccharide backbone is a
challenging work. As food consumers are highly interested in products
containing more natural ingredients, we selected Quillaja Saponin (QS)
as a natural surfactant and sucrose monopalmitate (SMP) and octyl
modified starch (OMS) as non-petroleum-based ingredients, all with a
(poly)saccharide backbone.
QS is a small molecule surfactant extracted from the bark of the
Quillaja Saponaria Molina tree which is a native plant to the warm
regions of Chile (Cheeke, 2000; Yang et al., 2013). It is a generally rec-
ognized as safe (GRAS) ingredient by U.S. Food and Drug Administra-
tion, European Community (E999), and the joint FAO/WHO
(Wojciechowski, Piotrowski, Popielarz, & Sosnowski, 2011). It consists
of a hydrophobic part (aglycon moiety) that is mainly a kind of triter-
pene (C30) called quillaic acid bound to a hydrophilic part (glycone
backbone) comprising of variable saccharides such as rhamnose, xylose,
arabinose, galactose, and glucuronic acid (Tippel, Gies, Harbaum-
Piayda, Steffen-Heins, & Drusch, 2017; Zhang, Bing, & Reineccius,
2016). Previous research has shown that QS is able to form surfactant
micelles and oil-in-water emulsions (Yang et al., 2013; Zhang et al.,
2016).
Sucrose ester surfactants such as sucrose monopalmitate are non-
ionic emulsifiers produced from natural products with sucrose as its
hydrophilic head group and a fatty acid (palmitic acid) as its hydropho-
bic chain (Rao & McClements, 2011). They have been utilized in many
products due to their high biodegradability, low toxicity, and good taste
in different industries including food, pharmaceuticals, and cosmetics
(Choi et al., 2011).
Hydrophobically modified waxy maize starch is a renewable, bio-
degradable, and high molecular weight surfactant consisting of a starch
backbone reacted with octenyl succinic anhydride to induce hydropho-
bic properties. Octyl modified starch has more water solubility as com-
pared to native starch due to hydrolysis of starch to smaller chains
(Ettelaie, Holmes, Chen, & Farshchi, 2016; Sweedman, Tizzotti, Schäfer,
& Gilbert, 2013).
In this study, we attempted to formulate oregano oil-in-water
nanoemulsions using the aforementioned surfactants. We examined
the influence of pH, salt as well as temperature and Ostwald ripening
inhibitor on the stability of the formed nanoemulsions to droplet diam-
eter growth and visual appearance during long-term storage. We also
evaluated the optimum production conditions using response surface
methodology with the aim of producing small droplet sizes with mini-
mum Ostwald ripening inhibitor content. Finally, the impact of sun-
flower oil addition in the oil phase on the antimicrobial properties of
the emulsions was examined using two different methods. In this way,
the potential of oregano nanoemulsions utilized as a natural alternative
to synthetic antimicrobial agents in various foods as well as pharma-
ceuticals or cosmetic products was studied. This research also provides
extended information about formulation of commercially used nanoe-
mulsions exposed to different stress conditions depending on the final
application.
2 | EXPERIMENTAL SECTION
2.1 | Materials
EO from oregano (Origanum Compactum) top flowers was purchased
from Pranarom International (Belgium). The EO was used without fur-
ther purification. QS and OMS were generously provided by Ingredion
(UK). Compass Foods Pte, Ltd. (Singapore) kindly provided SMP (P-90).
High Oleic Sunflower Oil (HOSO) (Iodine value587; 82% C18:1) was
obtained from Contined B.V. (Bennekom, The Netherlands). Ammonia
solution (25%), 1-hexadecanethiol (>95%), sodium DL-lactate solution
in H2O with a concentration of 50% (wt/vol) (St. Louis, MO, USA), lac-
tic acid solution with a concentration of 85% (wt/vol) (Steinheim,
Germany), and sodium azide ( 99:5%) were all purchased from Sigma-
Aldrich Co. Hydrogen peroxide solution (30%) was provided by Merck
(Merck, Darmstadt, Germany). Sodium chloride was provided by VWR
PROLABO Chemicals (Belgium). Ultrapure water purified by a Milli-Q
filtration system (0.22 lm) (Millipore Corp., Bedford, MA, USA) was
used for the analyses and preparation of all aqueous solutions.
2.2 | Stock emulsion preparation
A stock oil-in-water nanoemulsion was prepared by weighing the oil
phase containing oregano EO and/or HOSO (5% wt/wt) (unless stated
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differently) and aqueous surfactant solution (0.5–5% wt/vol). Sodium
azide (0.02%wt/vol) was added to all aqueous solutions, except for the
samples for antimicrobial activity tests. Based on the information pro-
vided by the manufacturer, the QS surfactant was diluted in water
(approximately 14 wt %). Hence, the aqueous phase concentration is
reported on surfactant content. The mixture was pre-emulsified with a
high-speed blender (Ultra-Turrax, type S 50 N – G 45 F, IKA-Werke,
Germany) for 2 min at 24,000 rpm. After pre-emulsification, the mix-
ture temperature was checked to be kept at 20 8C. The mixture was
homogenized by passing 10 times through a Microfluidizer (M110-S,
Microfluidics Corp., Newton, MA) at a pressure of 112 MPa (unless
stated differently) to form a nanoemulsion. During microfluidization,
the emulsion was cooled down by placing the heat exchanger coil into
an ice-water bath.
The influence of HOSO concentration on physical stability was
examined by homogenizing a 5% (wt/wt) lipid phase which consisted
of variable ratios of oregano EO and HOSO (oregano oil:
HOSO5100:0, 90:10, 80:20, 70:30, 50:50, 0:100 [wt/wt]), unless oth-
erwise mentioned, with 95% (wt/wt) aqueous phase.
2.3 | Influence of environmental stress (acidic pH,
ionic strength, temperature)
The prepared emulsions were diluted in a 1/1 volumetric ratio with a
lactic acid buffer solution at a pH ranging from 3 to 5 and sodium chlo-
ride concentration of 0.1–0.5 M. In the case of temperature effect
investigation, the diluted colloidal dispersions were incubated at 4, 20,
and 40 8C.
2.4 | Particle characterization
The z-average mean particle diameter of the emulsions was measured
based on the dynamic light scattering (DLS) technique using a Photon
Correlation Spectrometer (Model 4700, Malvern Instruments, UK) at a
scattering angle of 1508 at 25 8C. The emulsion was diluted prior to
analysis with an appropriate buffer and salt solution to avoid multiple
scattering and the proper refractive indices and viscosity values (Kestin
& Shankland, 1984; Tan & Huang, 2015) of the diluting solutions were
applied. Each individual measurement was an average of 10 runs. The
zeta potential of the emulsion droplets (f) at different pH conditions
(3–7) was determined using a Zetasizer 2c (Malvern, Ltd., UK). The
emulsions were diluted (1:1 vol/vol) in lactic acid buffer at certain pH
and kept overnight at ambient temperature (20 8C) prior to analysis.
Each measurement is the average of three runs.
2.5 | Quartz crystal microbalance with dissipation
(QCM-D)
The adsorption behavior of QS and SMP on a hydrophobic surface was
analyzed with a quartz crystal microbalance with dissipation (QCM-D)
(Q-sense E4, Gutenberg, Sweden). In this technique, the mass changes
of the adsorbed layer can be calculated through frequency changes, Df;
while the viscoelastic behavior of the adsorbed layer is determined by
dissipation of energy, DD. Coating of the gold sensors with
hexadecanethiol was performed based on the method previously
explained (Sedaghat Doost, Sinnaeve, De Neve, & Van der Meeren,
2017). According to Teo et al. (2016), this coating creates an interface
that mimics a triglyceride oil–water interface. The thickness and mass
of the adsorbed layer was calculated using Q-Sense Dfind software
(0.50, 2017) based on the Sauerbrey equation in which Df is propor-
tional to the mass changes, Dmf :
Dmf52CDf (2)
where C is a proportionality constant (17.7 ng/cm2 Hz) that depends
on the properties of the quartz and explains the sensitivity of the
device to the mass changes. The experiments were done in three inde-
pendent repetitions. The thickness and mass changes of the adsorbed
layers were calculated from frequency changes of the seventh over-
tone. For adsorbed layer thickness calculation, density value of
1,050 kg/m3 for QS and SMP were used.
2.6 | Experimental design
Response surface methodology (RSM) and central composite design
(CCD) with a quadratic model were applied to study the impact of the
independent variables HOSO content in the lipid phase (X1) and micro-
fluidization pressure (X2) on the droplet diameter (Y1). The experimen-
tal design of 13 runs is given in Table 1.
A polynomial equation (Equation 3) was used to present the rela-
tion between response (Y) and independent variables (X):
Y5b01b1X11b2X21b11X
2
11b22X
2
21b12X1X2 (3)
Numerical optimization with the goal of minimization for HOSO
content, homogenization pressure, and z-average diameter was
TABLE 1 Different runs of experiments designed by central
composite design
Independent variables Response
Run
HOSO
(wt % of lipid
phase)
Microfluidization
pressure
(MPa)
z-average
droplet
diameter
1 5 56 145.8
2 15 56 153.2
3 5 98 102.5
4 15 98 110.3
5 2.93 77 128.9
6 17.07 77 136.2
7 10 47.30 158.4
8 10 106.70 89.7
9 10 77 95.0
10 10 77 97.9
11 10 77 94.7
12 10 77 97.2
13 10 77 93.9
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performed using the desirability function, a mathematical function that
has ranges from zero outside of the limits to one at the goal (Myers,
Montgomery, & Anderson-Cook, 2016). As small particle size was the
most desired property, it was assigned the highest importance (i.e., 5),
whereas the importance of HOSO content and pressure was fixed at 3.
The experimental design and optimization were performed using
“DesignExpert” software (DX10, 10.0.1.0, 2016 USA).
2.7 | Minimum inhibitory concentration (MIC) and
minimum bactericide concentration (MBC)
The antibacterial activity of the emulsions was assessed against Esche-
richia coli (ATCC 25922) as gram-negative (EC) and Staphylococcus aur-
eus (ATCC 25923) as gram-positive (SA) bacteria using the broth
microdilution assay. The original culture of these bacteria, kept at
275 8C, was inoculated in fresh Mueller Hinton Broth (MHB) medium
(Oxoid, Ltd., England) followed by incubation for 24 hr at 37 8C. To pre-
pare slants, a loop of each strain suspension was utilized to inoculate in
Mueller Hinton Agar (MHA) (Oxoid, Ltd., England) incubated for 24 hr
at 37 8C. A loop of the slants bacteria was used to prepare inoculated
MHB suspension for further analyses (incubation for 24 hr at 378). The
samples were diluted in a range of 0.005 to 4 mg/ml based on the oil
content (5%) in the nanoemulsions inside the 96-well plate containing
MHB. The adjusted MHB medium and microorganisms according to
the 0.5 McFarland turbidity was diluted further to provide a final con-
centration of bacteria of 5 3 106 cfu/ml in the wells. Emulsions with
the appropriate concentration diluted in MHB and inoculated MHB
were used as negative and positive control, respectively. The lowest
concentration with no bacterial growth was determined after incuba-
tion of samples at 378C for 24 hr using both visual assessment and
analysis of optical density values measured at 650 nm. The concentra-
tion with no bacterial growth was also selected to indicate the MBC
and was determined as follows: 100 ml of the sample was plated onto
the Mueller Hinton Agar (MHA) (Oxoid, Ltd., England) incubated at
378C for 24 hr. The concentration with no growth of bacteria was con-
sidered as the MBC. Due to the physical instability of the pure oregano
oil nanoemulsions, freshly prepared samples were utilized. These
experiments were performed in triplicate.
2.8 | Agar well diffusion assay
Molten MHA was inoculated with the appropriate 24 hr cultured strain
to provide a final concentration equal to 6 3 106 cfu/ml. Wells with a
6 mm diameter were punched to the MHA surfaces using a sterile
borer and filled up with 80 ml of the concentrated samples containing
5% oil content. Then, these plates were incubated at 37 8C for 24 hr
and the antibacterial activity was determined with the diameter of the
inhibition zone (mm). This set of experiments was carried out in
duplicate.
2.9 | Statistical analysis
The statistical analysis was performed with the R (3.01.1) software. The
response variables are reported as mean6 standard deviation (SD) and
one-way analysis of variance (ANOVA), followed by Tukey’s test was
used for all statistical analyses to determine significant differences of
means (p< .05). The Design Expert 10 software was also used for both
statistical tests and plotting the RSM graphs.
3 | RESULTS AND DISCUSSION
3.1 | Impact of surfactant type and concentration on
long-term stability
As previous research (Sedaghat Doost et al., 2017) indicated that poly-
oxyethylated nonionic surfactants were not appropriate to stabilize
oregano emulsions in the presence of salt, whereas hydrophobically
modified inulin was, therefore sugar-based surfactants were evaluated.
Initially, we examined the influence of surfactant type and concentra-
tion on the formation of 5 wt % oregano oil-in-water emulsions stabi-
lized with three different surfactants: Quillaja Saponin (QS), Sucrose
Monopalmitate (SMP), and Octyl Modified Starch (OMS). Emulsions
were prepared using a surfactant concentration range of 0.5 to 5%wt/
wt in the aqueous phase without prior heat treatment or pH
modification.
In these screening experiments, the prepared emulsions using
OMS represented an intense creaming layer after one day of storage
(no oiling-off) whereas the emulsions with QS and SMP had no visual
instability with an opaque and homogenous appearance (data not
shown). The z-average droplet diameter of the homogenized emulsions
containing different surfactant concentrations was determined (Figure
1). At high QS and SMP concentration, for instance 5%, the droplet
size was appreciably small (about 55 and 112 nm, respectively),
whereas the droplet diameter of the emulsions with lower concentra-
tion of QS and SMP (0.5%) was initially 146 and 171 nm, respectively.
In fact, the droplet size of the produced emulsions during microfluidiza-
tion relies on some factors such as the adsorption kinetics of the uti-
lized surfactant, viscosity ratio, capability of the surfactant to prevent
coalescence, and interfacial tension reduction between oil and water.
The decrease of particle size at higher surfactant concentration could
be related to the fact that there was more surfactant available to cover
FIGURE 1 Influence of surfactant type (Quillaja Saponin [QS],
sucrose monopalmitate [SMP], and octyl modified starch [OMS])
and concentration (0.5–5%) on z-average droplet size of 5%
oregano emulsions (95% mean confidence interval error bars of
two independent repetitions are included) prepared by
microfluidization at 112 MPa (10 passes)
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the oregano oil droplets during homogenization, thereby preventing
recoalescence of the formed droplets (Yang et al., 2013).
However, in comparison with QS and SMP, OMS was not capa-
ble to form such small droplets and there was no considerable differ-
ence in z-average droplet diameter with respect to the
concentration. In principle, during microfluidization droplet disruption
occurs very quickly leading to the formation of new surface area.
Consequently, if the rate of surfactant adsorption, in this case of
OMS, is slower as compared to small molecule surfactants such as
QS and SMP, then recoalescence of the formed droplets may hap-
pen faster than breakage of the oil droplets. Thus, one would expect
that smaller oil droplets could be created using small molecule sur-
factants. Owing to the formation of physically unstable emulsions
using OMS with a relatively larger z-average diameter, QS and SMP
were selected for all subsequent studies.
However, the sample prepared with 0.5% QS was also not stable
anymore after a few days and creaming was visible. Measuring the
droplet size of this sample periodically during 48 hr of storage at ambi-
ent temperature (20 8C) indicated that the z-average diameter became
twice larger, from 146 to 293 nm.
According to Equation 1, the third power of droplet size increases
linearly as a function of time during Ostwald ripening, as can be seen in
Figure 2a for the prepared oregano oil-in-water emulsion containing
0.5% QS. Indeed, oregano oil consists of different components such as
carvacrol and thymol which are relatively soluble in water
(Santamarina, Rosello, Sempere, Gimenez, & Blazquez, 2015; Sedaghat
Doost et al., 2017), which makes these nanoemulsions prone to Ost-
wald ripening.
Similar emulsions emulsified with SMP showed only a slight
increase in particle size from 171 to 203 nm during 48 hr storage and
the third power of droplet size presented a poor linear fitting
(R250.75) which could be an indication of postponed OR. This effect
seems to indicate that SMP may hinder the diffusion of oregano oil
molecules more efficiently than QS (Rao & McClements, 2012).
The influence of surfactant type on physiochemical stability of
the formulated oregano oil-in-water emulsions was investigated by
measuring the z-average droplet diameter changes during 20 days of
storage at ambient temperature (20 8C) (Figure 2b). The behavior of
both fabricated systems in terms of z-average particle size was simi-
lar: after an increase in droplet size over the initial 4 days of storage
due to OR, there was no appreciable droplet growth. Although a
similar increasing trend was still visible for the droplet diameter of
emulsions with SMP, this colloidal system after 20 days of storage
had still a smaller mean particle size of around 250 nm as compared
to QS (330 nm). In terms of visual assessment, after 20 days of stor-
age, a thick cream layer with a turbid serum layer at the bottom of
the sample containing QS was observed. By contrast, the SMP-
stabilized emulsion had still a homogenous appearance (data not
shown).
Overall, our results indicated that fabricated oregano oil-in-water
nanoemulsions with SMP had a higher stability to OR. Conversely,
nanoemulsions with relatively smaller droplet size could be formed if
QS was utilized as an emulsifier.
3.2 | Determination of thickness and mass changes of
surfactant layer
We hypothesized that a higher packing density of SMP led to the
slower diffusion of oregano molecules, whereby OR was delayed. Thus,
in this series of experiments, the relation between surfactant layer
thickness and sensitivity to OR in oregano nanoemulsions was moni-
tored using the QCM-D technique.
Introduction of both surfactant solutions (0.5% wt/vol) to the
hydrophobic surfaces exhibited a frequency variation from the baseline
value meaning that adsorption occurred. However, due to the rinsing
of physically attached surfactant molecules on top of the adsorbed
layer, the frequency changes partly returned toward the original value
(Figure 3) but were still lower than the baseline value. It should be
noted that the dissipation changes in both cases, after rinsing, returned
to the original value, which is an indication that adsorbed QS and SMP
had the behavior of a rigid layer (data not shown) (Kwek & Kim, 2016;
Wojciechowski et al., 2014). Therefore, the Sauerbrey equation was
applied.
FIGURE 2 Ostwald ripening plot (a) and influence of surfactant
type and time on droplet diameter (b) of 5% oregano emulsions
containing either 0.5% Quillaja Saponin or sucrose monopalmitate
stored at 20 8C
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Based on this theory, higher adsorption causes greater frequency
changes. As SMP had a higher frequency variation than QS, around 28
and 24 Hz after rinsing, respectively, this means that more SMP sur-
factant molecules were adsorbed to the surface. Based on the Sauer-
brey equation, the mass of the adsorbed SMP (1.2960.01 mg/m2) and
QS (0.6960.06 mg/m2) layers after rinsing were calculated. Consider-
ing an average molar mass of 1,650 g/mol, the latter value corresponds
with an area per molecule of 0.4 nm2, which is in good agreement with
the values (i.e., 0.3–0.35 nm2 or 0.37 nm2) reported by Wojciechowski
et al. (2014) and Wojciechowski et al. (2011). In terms of the adsorbed
layer thickness, these values were 1.360.0 and 0.760.1 nm for SMP
and QS, respectively. For SMP, this thickness corresponds to a perpen-
dicular orientation of the palmitate chain to the surface. Overall, these
results were in good agreement with the z-average diameter changes
of the oregano nanoemulsions which showed a significant delay in OR
when SMP was selected whereas in emulsions stabilized with QS,
coarsening of the droplets happened much faster.
3.3 | Influence of stress conditions during long-term
storage
In further series of experiments, we examined the influence of acidic
pH (3–5), addition of sodium chloride (0.1–0.5 M), and storage temper-
ature (4, 20, and 40 8C). To adjust the pH or electrolyte concentration,
the formed emulsions were diluted in 1:1 volumetric ratio so the final
concentration of the emulsions became half. The stability of oregano
emulsions exposed to these stress conditions was investigated by anal-
ysis of their visual appearance and z-average particle size changes dur-
ing long-term storage. If oregano emulsions are going to be utilized as
an antimicrobial delivery system within the food and beverage industry,
these stress conditions may be applied depending on the final products.
For instance, many commercial products have an acidic environment
(Rao & McClements, 2012). In meat marinade products, both acidic
environment and high salt content are used with the aim of improving
the techno-functional properties of meats or to induce a synergistic
effect on antimicrobial properties. In terms of the temperature parame-
ter, food products will be potentially exposed to temperature changes
during transport, storage, and on the shelves.
The SMP emulsion exhibited a quick phase separation and oiling
off at acidic conditions (pH 3–5) right after dilution whereas the QS
stabilized colloidal system remained stable with no appreciable changes
in its appearance (data not shown). Nonetheless, at longer storage time
(14 days) there was a creaming layer on top of the diluted emulsions
containing QS, irrespective of the applied pH (Figure 4a).
As SMP is a nonionic surfactant with no net charge, it was
expected that it should not be sensitive to pH changes. However, our
results are in agreement with those previously reported for orange oil-
in-water emulsions containing SMP as surfactant (Choi et al., 2011).
They measured the pH dependence of the electrical charges on the oil
droplets of the emulsions and a reduction in charges from negative val-
ues at pH 7 to zero at acidic pH was observed. They explained the
instability due to the loss of charges leading to the decrease in the elec-
trostatic repulsion between droplets.
As phase separation of the emulsions occurred much quicker, we
postulated that screening of negative charges due to the high concen-
tration of protons contributed to the extreme coalescence of the oil
droplets. It seems that the mechanism of SMP for stabilizing the emul-
sions is a combination of steric and electrostatic repulsion. Hence, after
depletion of electrostatic repulsion, steric forces should be able to
FIGURE 3 Frequency changes of seventh overtone for Quillaja
Saponin and sucrose monopalmitate adsorption from a 0.5% (wt/
vol) solution onto hexadecanethiol-coated gold sensors, followed
by rinsing by pure water
FIGURE 4 Evolution of visual appearance (a) and z-average
droplet diameter changes (b) of 2.5% oregano emulsions stabilized
with 0.25% Quillaja Saponin as a function of pH during 14 days of
storage at room temperature (20 8C)
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prevent the droplets coming close to each other. However, as the steric
forces are occurring in a short range, hence the attraction forces due to
van der Waals may become predominant.
Figure 4b presents the z-average diameter changes of oregano
nanoemulsions containing QS against pH variation. After one day of
storage, a great increase in droplet size was observed in all the colloidal
systems, irrespective of the pH, which was primarily due to OR as
explained in section 3.1. One may expect that the solubility of the
essential oil is lower in the presence of acidic pH (Mota, Queimada,
Pinho, & Macedo, 2008), which might slow down OR. This effect was
slightly visible, as the particle size increased to 248 nm at pH 3 after
one day of storage but this value was 268 nm for the sample at pH 7.
Although there was no substantial droplet growth in all samples at
acidic pH measured after 14 days of storage, a thick cream layer was
easily noticeable. In terms of zeta potential (fÞ, the results presented
that the emulsions had no considerable variation in f after 14 days of
storage (data not shown), meaning that the carboxylic acid groups
(-COO–) present within the chemical structure of QS remained fully
charged at acidic pH. Our results were also consistent with the results
reported previously by Yang et al. (2013), who found that emulsions
with QS within the pH range of 3–5 were negatively charged. How-
ever, they had no net charge anymore at pH 2 leading to extreme floc-
culation. However, the emulsions were still stable against coalescence.
Thus, this creaming could be explained by two phenomena: besides
growth of the droplet sizes due to OR, the density difference between
the oil droplets (0.93 g/cm3) and the aqueous phase (1.00 g/cm3) is
thought to be responsible for creaming.
The influence of salt addition on the physical stability was exam-
ined by z-average droplet diameter analyses during storage (Figure 5).
Visual appearance assessments performed on the colloidal systems
containing SMP showed a great instability (phase separation and oiling
off) to salt addition at all the studied concentrations (data not shown).
This pronounced instability may be attributed to the screening of nega-
tive charges of SMP leading to electrostatic repulsion reduction
(McClements, Decker, & Choi, 2014).
As the colloidal systems containing QS did not show considerable
instability after the addition of salt, visual observations were made after
20 days of storage at room temperature (20 8C). The emulsions were
visibly stable at added salt concentrations lower than 0.5 M, whereas
in the absence of salt and 0.5 M salt concentration, the emulsions had
a thick cream layer with a serum layer at the bottom, which suggested
aggregation of the droplets. Moreover, after 20 days of storage, oiling-
off occurred for the samples containing 0 and 0.5 M salt. Z-average
droplet diameter analysis exhibited that there was a slight variation in
the mean particle diameter of the stored samples after the droplet
diameter initially increased (4 days of storage), except for the sample
containing 0.5 M salt. The instability (creaming and oiling-off) in the
sample with no added salt can be explained by the fact that OR (coars-
ening of the droplets) as well as the synergistic effect of the density
difference between oil and aqueous phase led to an intensive creaming
that could proceed to coalescence of the droplets and finally oiling off.
Conversely, at 0.5 M salt concentration, probably the attractive interac-
tions are more prominent than electrostatic repulsion (due to screening
of the negative charges of –COO– groups) and an intense aggregation
occurred leading to coalescence of the droplets leading to phase sepa-
ration and oiling-off (Yang et al., 2013). This effect was less prominent
at low salt concentration as no considerable changes of visual appear-
ance (data not shown) and z-average diameter (Figure 5) of the emul-
sions were observed.
Finally, the influence of temperature (4, 20, and 40 8C) on the long-
term physical stability of the oregano emulsions was evaluated. Visual
observations of both samples stabilized with QS and SMP kept at 408C
exhibited a thick creaming layer on top whereas the colloidal dispersion
stored at 48C had a homogeneous and opaque appearance (data not
shown).
Droplet diameter analysis (Figure 6) of emulsions stabilized using
SMP as compared to emulsions containing QS at the studied storage
temperatures, suggested that SMP was more efficient to maintain the
mean particle diameter smaller after 20 days of storage at 48C. This
effect was observable as the oregano emulsions with SMP had an aver-
age diameter of around 200 nm. However, the similar system with QS
had a z-average diameter of 330 nm. This high instability at high stor-
age temperature was not surprising, as this effect could be attributed
to two facts. First, the hydrophilic parts of the surfactants, which are
FIGURE 5 Effect of added salt (from 0 to 0.5 M) on the z-average
diameter changes of 2.5% oregano essential oil emulsions
containing 0.25% Quillaja Saponin during 20 days of storage at
20 8C
FIGURE 6 Effect of storage temperature on long-term droplet
diameter changes of 5% oregano o/w nanoemulsions containing
either 0.5% of sucrose monopalmitate or Quillaja Saponin
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saccharides, may lose their hydration at high temperature and this may
affect the steric stabilization induced by these groups. Therefore, the
steric stabilization is not efficient anymore to prevent droplet floccula-
tion and creaming. Moreover, at higher temperature, the solubility as
well as the diffusivity of the oregano oil compounds increase and
thereby dissolved molecules diffuse rapidly toward larger droplets
which led to an increase of the z-average droplet diameter, which con-
sequently accelerated the gravitational separation.
To conclude, if instability is due to OR, then SMP was practically
more powerful than QS. By contrast, QS was more efficient to resist
against stress conditions of acidic pH and added salt.
3.4 | Influence of Ostwald ripening inhibitor
Many research have previously reported that incorporation of a third
hydrophobic component poorly soluble in water could appreciably
retard Ostwald ripening (Chang et al., 2012; Kabalnov & Shchukin,
1992; Sedaghat Doost et al., 2017). Therefore, the effect of the addi-
tion of an Ostwald ripening inhibitor within the oil phase on the stabil-
ity of the prepared colloidal dispersions was established. HOSO was
chosen to be incorporated in the lipid phase of oregano emulsions in
variable concentrations (10–50 wt %) while the dispersed phase con-
tent was kept constant (5 wt %). This compound was selected as it is
commonly used in food industry and has a low cost as well as beneficial
health effects.
The droplet size of the prepared samples was determined after
homogenization (Figure 7). Surprisingly, the addition of only 10 wt %
HOSO in the lipid phase decreased the diameter of the QS-stabilized
colloidal systems drastically to 8565 nm whereas the emulsion with
only oregano oil in the lipid phase had a z-average diameter value of
14664 nm. This droplet diameter decrease could be explained by the
fact that pure oregano emulsions had initially a smaller droplet size but
coarsening of droplets might have occurred (indicated by the red
arrow) due to OR (during or immediately after homogenization).
It can also be seen in Figure 7 that as the amount of the Ostwald
ripening inhibitor increased, the prepared samples had a growing trend
in terms of droplet size. For instance, the sample with 50% HOSO
incorporated in the lipid phase had a z-average droplet diameter of
141 nm and the emulsion containing 100% HOSO had a mean diame-
ter of 170 nm. Increasing the HOSO content within the lipid phase
means that long-chain triglycerides are the prominent components of
the lipid phase, which induces a greater viscosity (i.e., 74 mPa s for
pure HOSO at 20 8C) as compared to oregano EO (6 mPa.s at 20 8C).
This higher viscosity makes the break-up of droplets harder. Thus, as
the HOSO content increased the mean droplet diameter became con-
siderably larger.
To illustrate the long-term physical stability of the oregano emul-
sions containing 0 and 10 wt % of HOSO, they were kept for 60 days
at 20 8C and the z-average droplet diameter as well as visual appear-
ance was periodically determined. Visual appearance evaluation
revealed that the sample containing only oregano oil in the lipid phase
after 20 days of storage had dispersed phase separation. Moreover,
there were a few oil droplets on top of the formed thick creaming
layer, meaning that oiling-off occurred (Figure 8). As aforementioned,
the increasing mean droplet diameter from 14664 nm at day 0 to
330 nm after 20 days of storage was initially due to Ostwald ripening,
which could lead to creaming and subsequent coalescence of the drop-
lets. However, the oregano oil in water emulsion comprising 10 wt %
of HOSO had no visible changes: it had a homogeneous and opaque
appearance with no sign of instability phenomena such as creaming,
flocculation, and coalescence.
The z-average droplet diameter changes of the samples during 60
days of storage are presented in Figure 8. The z-average diameter out-
comes were well in accordance with the hypothesis that the addition
of an insoluble oil was capable to retard OR: there were no significant
(p< .05) changes in terms of droplet sizes. So, incorporation of only
10% HOSO was sufficient to fully suppress OR with a constant mean
particle diameter during 60 days storage at ambient temperature (856
5 nm). It was actually an advantage from a commercial viewpoint that
using only 10% of carrier oil stable nanoemulsions could be formed. It
is also advantageous that a high amount of essential oil can be encap-
sulated within the nanoemulsion system whilst they can maintain firstly
FIGURE 7 Effect of water-insoluble oil (sunflower oil) addition on
the z-average droplet diameter of 5% oregano nanoemulsions stabi-
lized by 0.5% Quillaja Saponin
FIGURE 8 Visual appearance and changes in z-average droplet
diameter of 5% oregano oil-in-water nanoemulsions stabilized by
0.5% Quillaja Saponin in the absence (circles) and presence (trian-
gles) of 10% ripening inhibitor in the lipid phase during 60 days of
storage at 20 8C
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their droplet size smaller than 100 nm and second their physical stabil-
ity for a sufficient period of time.
3.5 | Optimization through RSM experimental design
The response surface methodology approach is a mathematical and sta-
tistical method that has been used to develop an empirical model of
the relation between independent and response variables. It provides
helpful information for optimization and development of a process for
which different factors are influential. Thus, it can be utilized to opti-
mize different stages that are involved in food formulations (Mehmood,
Ahmad, Ahmed, & Ahmed, 2017).
For the formation of fine emulsions, it is required to process the
pre-emulsified samples by either microfluidization or high-pressure
homogenization. The high pressure of homogenization provides suffi-
cient disruption energy for breaking the oil droplets into smaller sizes.
However, from a commercial point of view, energy costs are one of the
considerable issues in the production process. Moreover, there has
been always a main concern that incorporation of a high amount of
Ostwald ripening inhibitor within the lipid phase of essential oil nanoe-
mulsions may negatively influence the antimicrobial properties of these
nanoemulsions (Chang et al., 2012).
Consequently, experimental design was used to investigate the
influence of the aforementioned parameters and to optimize them.
Other parameters could also influence the droplet size such as the sur-
factant to oil ratio (SOR), which was in our case already a small value
(0.1) and hence was considered not noteworthy to look into.
ANOVA analysis of the results presented that the experimental
data were well fitted to a quadratic polynomial model (R250.9961).
The probability value above .05 for lack of fit showed that the pro-
posed model was an empirical model in which the independent varia-
bles have a significant influence on the response variable. As Figure 9
exhibited, smaller oil droplets were formed at higher pressure, whereas
it seemed that neither lowering nor increasing the HOSO concentra-
tion in the studied range (5–15%) could appreciably reduce the particle
size. As it was expected, the higher pressure provides more energy that
induced an intense disruption rate and therefore smaller droplet diame-
ters were formed. In fact, the higher disruptive force can overcome the
restoring forces of oil droplets and the droplet radius becomes increas-
ingly smaller (Rao & McClements, 2011). The significance of this effect
was also visible considering the calculated coefficients: the effective
coefficient for pressure on droplet size was 22.93 (p< .001) which was
appreciably higher than the coefficient of HOSO content, that is, 3.19
(p< .01).
We finally attempted to optimize these parameters. The goal was
to minimize the HOSO content, homogenization pressure, and z-aver-
age droplet diameter simultaneously. The solution with the higher
desirability was chosen to be at a HOSO content of 6.9% with a micro-
fluidization pressure of 73.5 MPa while the predicted value for z-aver-
age droplet diameter was 105 nm.
To verify the predicted value obtained from the model equation
for the optimized values, a colloidal dispersion of 5% oregano EO con-
taining 0.5% QS and 6.9 wt % HOSO was homogenized at 73.5 MPa.
The experimental z-average droplet diameter was 10762 nm, which
was fully in agreement with the predicted value of 105 nm. Moreover,
the sample had no changes in droplet diameter during 60 days of stor-
age with a permanent homogeneous appearance (data not shown). This
suggested that the experimental results were well consistent with the
predicted outcomes.
3.6 | Antibacterial activity (MIC and MBC)
The antibacterial properties of 5% oregano oil-in-water nanoemulsions
containing different amounts of HOSO (0–50%) were characterized to
examine the influence of HOSO addition to the lipid phase. To com-
pare, the antimicrobial activity of the optimized formulation (6.9%
HOSO in the lipid phase prepared at 73.5 MPa) was also evaluated.
Two well-known methods were used. Initially, the MIC values were
determined according to the microdilution assay followed by MBC
determination and the results were compared with the outcomes of
the second method, the well diffusion assay. The QS solution (0.5%)
and HOSO emulsion had no antibacterial activity meaning that the anti-
bacterial effect is due solely to the presence of oregano essential oil.
Oregano oil emulsions had a MIC value of 0.5 mg/ml against both EC
and SA which was comparable to pure oregano oil and consistent with
the values reported previously (Moraes-Lovison et al., 2017). Although
this indicates that there was no improvement of the oregano EO anti-
bacterial properties through entrapment in nanoemulsions, the applica-
tion of pure oregano oil is limited due to the sensory perception, phase
separation, and possible degradation in a complex food network
(Moraes-Lovison et al., 2017; Viuda-Martos, Ruiz-Navajas, Fernandez-
Lopez, & Perez-Alvarez, 2009). This implies that this EO still needs to
be encapsulated inside a delivery system.
By contrast, the nanoemulsions containing 50% HOSO in the lipid
phase had a higher MIC value of 1 mg/ml for EC and SA, which is a log-
ical consequence of the dilution of EO with HOSO. However, addition
of the OR inhibitor up to 30% did not change the MIC for EC meaning
that stable colloidal systems can be formulated while there would be
no considerable impact on their antibacterial activities (Figure 10a). In
FIGURE 9 Three dimensional surface plot of z-average droplet
diameter (nm) as a function of sunflower oil concentration in the
lipid phase (wt %) and microfluidization pressure (MPa)
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terms of SA, the MIC was greater (1 mg/ml) if the HOSO content was
raised to 30%.
In this regard, the optimized formulation had similar antibacterial
activity (MIC50.5 mg/ml) to the pure oregano nanoemulsions while it
had long-term stability. This means that using a lower homogenizing
pressure and consequently lower energy consumption, a long-term sta-
ble nanoemulsion with no variation in antibacterial effect can be
formulated.
We also found that the MBC values for all the studied samples
were equivalent to MIC values (data not shown).
3.7 | Well diffusion assay
To perform the well diffusion experiments, a certain amount of sample
(80 ml) was placed into the wells punched into an inoculated MHA
medium and the obtained inhibition zone diameters (IZDs) after incuba-
tion were compared. Considering the density of oregano oil (0.930 g/
cm3 at 20 8C measured using an Anton-Paar DM 5000), the amount of
oil into the well was 74.4 mg. Conversely, placing 5% pure oregano O/
W emulsion introduced only 3.72 mg oil in the well. Surprisingly, the
reduction of the oregano bioactive compound had no linear influence
on the IZD of both EC and SA. This indicated that encapsulation of this
antimicrobial lipophilic compound increased its efficiency.
The IZD results were almost comparable to the obtained MIC val-
ues as increasing the HOSO content from 0 to 50% decreased the inhi-
bition zone diameter of EC from 34 to 21 mm. A similar trend was also
visible for SA inhibition zone diameters as the inhibition zone diameter
decreased from 35 to 24 mm (Figure 10b). Conversely, the amount of
oregano oil was decreased to half. It seems that this reduction in IZD is
more related to the presence of a certain amount of essential oil rather
than addition of HOSO. In accordance with this fact, the emulsions
containing a lower oregano level had lower antibacterial properties.
Conversely, there was a negligible reduction in antibacterial features
for the optimized formulation and it exhibited only a small decrease in
inhibition zone as compared to the pure oregano nanoemulsions. For
instance, in terms of SA the value for the latter case was 35 mm
whereas for the former case it was 34 mm. It should also be noted that
at HOSO concentrations lower than 30%, there was no difference
between the MIC values for EC and SA. Conversely, the inhibition
zones for SA were slightly higher than for EC (Figure 10b) which may
be due to the presence of lipopolysaccharides on the outer surface of
gram-negative bacteria, which makes them more resistant to disruption
by antimicrobial agents (Valdes et al., 2015).
Overall, these results suggested that a powerful delivery system
loaded with a high amount of essential oil could be designed while it
could maintain its long-term physical stability without changes in anti-
microbial properties.
4 | CONCLUSIONS
In this study, we focused on the formulation of oregano essential oil
nanoemulsions and the influence of some significant factors on the sta-
bility of these emulsions. We attempted to prepare emulsions using dif-
ferent sugar-based surfactants. We found that QS as a natural
surfactant was capable of producing smaller nanoemulsions as com-
pared to SMP and OMS, while incorporation of a small amount of a sec-
ond oil (10 wt % HOSO) highly improved the stability against OR. QS as
an emulsifier was also more efficient against stress conditions (salt and
acidic pH) whereas the emulsions containing SMP exhibited an inten-
sive instability. Experimental design revealed that the optimized formu-
lation is 5% oregano oil-in-water emulsions containing 0.5% QS and
6.9% HOSO in the lipid phase homogenized at 73.5 MPa pressure. We
finally examined the antibacterial activity of the optimized emulsion as
compared to the emulsions containing only pure EO and no changes in
the antibacterial effect were visible, while they had long-term stability
with no visible changes in terms of the physical stability.
This work generates valuable information about the formulation of
essential oil nanoemulsions applicable potentially in different products
including foods and beverages as well as beauty and pharmaceutical
products.
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